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We analyze the electronic structure of different surface terminations for infinite-layer nickelates. Surface
NiO2 layers are found to be buckled, in contrast to planar bulk layers. While the rare earth terminated surface
Fermiology is similar to the bulk limit of the nickelates, the NiO2 terminated surface band structure is signifi-
cantly altered, originating from the effect of absence of rare earth atoms on the crystal field splitting. Contrary
to the bulk Fermi surfaces, there are two Ni-3d Fermi pockets, giving rise to enhanced spectral weight around
the M¯ point in the surface Brillouin zone. From a strong coupling analysis, we obtain dominant extended s-
wave superconductivity for the surface layer as opposed to d-wave for the bulk. This finding distinguishes the
nickelates from isostructural cuprates, where the analogous surface pairing mechanism is less pronounced. Our
results are consistent with region dependent gap structures revealed in recent STM measurements and provide
an ansatz to interpret experimental data of surface-sensitive measurements on the infinite-layer nickelates.
Introduction – The recent discovery of superconductivity
in Sr-doped infinite-layer rare earth nickelates (Nd,Pr)NiO2
[1, 2] has expanded the range of material classes that are
promising hosts for unconventional superconductivity. Start-
ing from the cuprates for which overwhelming experimen-
tal evidence is consistent with a d-wave order parameter [3],
iron pnictides are assumed to predominantly exhibit uncon-
ventional s-wave order. There, the s-wave superconduct-
ing order is microscopically preferred by the multi-pocket
Fermiology [4, 5]. Even though the field is still too young
to draw concise connections to more established unconven-
tional superconductors, the infinite-layer nickelates seemingly
present themselves as a hybrid between cuprates and pnic-
tides: while the NiO2 layers share close structural similarity
to the cuprates, their multi-orbital nature [6] appears more re-
lated to the iron pnictides.
The band structure of RNiO2 (R=rare earth) crystals is of
3D dispersive type with a dominant Ni dx2−y2 hole band
and two R 5d electron bands [7–11] or a R dz2 electron
band and an interstitial s electron band [12, 13]. The theo-
retical understanding of correlated electronic structures and
pairing states of the nickelates remains controversial so far.
Because of the large charge-transfer energy between the Ni-
3d and O-2p states in RNiO2, the system is suggested to
be in the Hubbard regime, distinct from the charge-transfer
nature of cuprates [6, 14, 15]. Recent comprehensive dy-
namic mean-field theory (DMFT) and GW calculations, how-
ever, suggest that both RNiO2 and CaCuO2 are charge trans-
fer materials [16, 17]. Moreover, the multi-orbital nature is
genuine in both undoped and hole-doped NdNiO2 [6, 18],
and Hund’s metal physics is likewise argued to be rele-
vant [19, 20]. With respect to pairing symmetry, the bulk
phase is expected to show a robust d-wave pairing similar to
the cuprates [10, 11, 21] in a predominantly electronically me-
diated mechanism. Within aK−t−J model [22], the pairing
state is found to be d+ is-wave in the small doping region and
changes to a d-wave pairing at larger doping [23].
Until today, the complicated sample growth has prevented a
better experimental grasp of the detailed properties of infinite-
layer nickelates. Recent experiments revealed an intriguing
double-peak Tc dome and weakly insulating behaviors on
both sides of the dome [24, 25]. It is challenging to per-
form and interpret local spectroscopy on the nickelates such
as stemming from angle-resolved photo emission (ARPES),
which has not yet been reported, or scanning tunneling mi-
croscopy (STM) [26]. These experiments would always be
particularly sensitive to the electronic structure nearby at the
surface, which was likewise observed in cuprates and iron
pnictides [27–29]. Due to the strong hybridization between
rare earth atoms and NiO2 layers [12, 13], the electronic struc-
ture of surface NiO2 layers can be dramatically distinct from
bulk layers. Moreover, the mechanism behind the recent ob-
servation of mixed s-wave and d-wave gap signatures on a
rough surface in STM is still unresolved [26]. Therefore, the
surface modelling of the infinite-layer nickelates can be help-
ful for a better understanding of the present and future experi-
mental evidences on electronic structure and superconductiv-
ity.
In this Letter, we analyse the electronic structure of differ-
ent surface terminations for infinite-layer nickelates. From the
given layered structure and assuming the clean material limit,
two different terminations with either a final rare earth layer
or NiO2 layer have to be investigated. From an ab initio treat-
ment of the two different structures, we obtain effective sur-
face Fermiologies for both terminations, which we then fur-
ther investigate with respect to the onset of superconductivity.
The rare earth termination is dominated by a single Ni-type
dx2−y2 Fermi pocket with slight electron doping. This makes
the surface band structure appear similar to the dominant bulk
bands, suggesting the onset of d-wave superconductivity. The
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FIG. 1. (color online) Crystal structures for (a) the Nd terminated
surface and (c) the NiO2 terminated surface of NdNiO2. (b) and
(d) are the corresponding orbital resolved band structures. ”Ni-B”
denotes the bulk Ni atom.
NiO2 termination, however, effectively appears significantly
more hole doped than the bulk bands. Owing to the modified
crystal splitting effect due to absence of the upper rare earth
atoms, a second Ni-type Fermi pocket appears around the M
point of the surface Brillouin zone, suggesting a multi-orbital
nature. Supported by a mean field t-J model analysis we em-
ploy for the strongly correlated infinite-layer nickelates, we
find that this two-pocket Fermiology naturally favors an ex-
tended s-wave superconducting order parameter. It yields a
full gap along with a sign change between the two Fermi pock-
ets. We further show that the strong effect arising from the
surface termination is specific to the infinite-layer nickelate
superconductors, while the isostructural cuprates do not ex-
hibit such a strong propensity. Moreover, we analyze the sce-
nario of Josephson coupling between an s-wave surface and a
d-wave sub-surface state or rough surface islands of different
termination, which in the clean limit could yield s+ id-wave
pairing in order to maximize the condensation energy within
the two layers. In the light of our findings, we interpret cur-
rent experimental evidence from STM facing a rough surface
with admixed regions of rare earth and NiO2 termination. Fur-
thermore, we outline experiments such as reflectivity spectra
to investigate possible Josephson plasma modes or Kerr spec-
troscopy to detect time reversal symmetry breaking without
parity breaking in a disordered s+ id state.
Electronic structures of two surface terminations – For
NdNiO2, there are two kinds of surface terminations: the Nd
terminated surface in Fig.1(a) and the NiO2 terminated sur-
face in Fig.1(c). In our calculations, we modeled the surfaces
using a slab of eight NiO2 layers and eight or nine Nd lay-
ers plus a vacuum layer of 15 A˚ . In the relaxation, the bot-
tom five layers are fixed while the others are allowed to move
freely. The details of calculations can be found in Sec. I of
supplementary materials (SM). After relaxation, one promi-
nent feature is that the surface NiO2 layers are not planar but
buckled in both terminations, distinct from bulk layers.
For the Nd terminated surface, the Ni height with respect to
the oxygen plane is about 0.25 A˚ , owing to the hybridization
between top Nd and oxygen atoms. The orbital-resolved band
structure is shown in Fig.1 (b) and the Ni dx2−y2 band of the
top NiO2 layer is slightly electron-doped, resembling the bulk
band in the kz = 0 plane. The bands in gray lines crossing the
Fermi level around Γ¯ and M¯ points are attributed to bulk Nd d
oribitals [7–11]. Similar to bulk layers, other Ni d orbitals are
located far below the Fermi level and surface Nd atoms have
some contributions to the Fermi surfaces.
For the NiO2 terminated surface, the Ni height with respect
to the oxygen plane is larger and about 0.30 A˚ in the surface
layer. The underlying Nd layer further moves closer to the top
NiO2 layer with a vertical separation of 1.23 A˚ and couples
strongly with oxygen atoms (Fig.1(c)). The corresponding
orbital-resolved band structure is displayed in Fig.1(d). We
find that the dx2−y2 band of the surface NiO2 (red diamonds)
is heavily hole-doped compared with bulk NiO2 layers (blue
up-triangles) due to the absence of the charge reservoir layer,
i.e. rare earth atoms. Moreover, it also significantly affects the
crystal field splitting and pushes upwards Ni dxz/yz and dxy
orbitals. The onsite energies of dxz/yz and dxy orbitals rela-
tive to the dx2−y2 orbital on surface layer increase by 0.45 and
0.16 eV, respectively, compared with bulk layers. Therefore,
the Ni dxy , dxz/yz orbitals have strong hybridizations with
dx2−y2 orbitals near the Fermi level and their bands are lo-
cated just slightly below the Fermi level, especially around the
M¯ point. Actually, these bands cross the Fermi level without
surface atomic relaxation (see Sec. I of SM). Without external
doping, there is only a small electron pocket around Γ¯ point
for the surface NiO2 layer. In experiments, superconductivity
was achieved by hole doping, introduced by the substitution
of Nd by Sr[1, 2]. Therefore, multi-orbital nature is expected
to be relevant for the hole-doped NiO2 surface; this is distinct
from bulk NiO2 layers, where only Ni dx2−y2 orbital plays an
essential role [10, 11].
As the rare earth atoms are not ionic charge carriers and
couple strongly to NiO2 layers in infinite-layer RNiO2, the
multi-orbital nature is a unique feature on its NiO2-terminated
surface. To demonstrate it, we also performed similar calcula-
tions for their cuprate analog CaCuO2 whose band structures
for the two terminations are provided in the Sec. II of SM.
There, for both terminations, only the Cu dx2−y2 orbital of
the surface CuO2 layer dominates near the Fermi level, while
other Cu d orbitals are well below the Fermi level in accor-
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FIG. 2. (color online) (a) The d-wave gap function as a function of
the exchange coupling parameter J1 for Nd terminated surface. (b)
Gap function of the d-wave pairing and the corresponding density of
states. The unit of the gap is in meV.
dance with its charge-transfer nature.
Pairing states for surface layers – For the bulk system,
a robust dx2−y2 -wave pairing is found for Nd1−xSrxNiO2,
dominantly contributed by the Ni dx2−y2 -orbital Fermi sur-
face [10, 11]. Owing to different carrier dopings and elec-
tronic structures in the surface layers, they can favor a distinct
pairing state from the bulk. For the Nd terminated surface, de-
spite slight electron doping, the Fermiology of surface layer
is close to that of a bulk layer for the kz = 0 plane. There-
fore, the surface layer is expected to favor a dx2−y2 pairing
as well. We perform numerical calculations to verify it: we
first construct the one band tight-binding (TB) model to de-
scribe the electronic structure of the surface NiO2 layer and
then study the pairing within a similar t-J model as Ref. [11].
Fig.2(a) displays the d-wave gap as a function of the exchange
parameter and the s-wave gap vanishes, indicating that the d-
wave pairing is dominant. The corresponding density of states
(DOS), shown in Fig.2(b), exhibits a V-shaped gap structure,
similar to bulk NiO2 layers or typical cuprates.
For the NiO2 terminated surface, however, other d orbitals
than dx2−y2 can likewise contribute to the Fermiology of the
top NiO2 layer, which may result in a change of pairing sym-
metry. We first study the multi-orbital TB model for the
distorted NiO2 layers with heavy hole doping and introduce
the operator ψ†kσ = [c
†
1σ(k), c
†
2σ(k), c
†
3σ(k), c
†
4σ(k), c
†
5σ(k)],
where c†ασ(k) is a Fermionic creation operator with σ and
α denoting spin and orbital indices. The orbital index α =
1, 2, 3, 4, 5 represents the Ni dx2−y2 for 1, dxy for 2, dxz for
3, dyz for 4 and dz2 for 5, respectively. The TB Hamiltonian
can be written as,
H0 =
∑
kσ
ψ†kσ(h(k)− µ)ψkσ. (1)
The matrix elements in the Hamiltonian h(k) matrix are given
in the Sec. III of SM. The orbital-resolved band structure from
the above TB model, showing good agreement with DFT cal-
culations (Sec. III of SM), is displayed in Fig.3(a). In experi-
ments, a superconducting dome was found in Nd1−xSrxNiO2
for 0.12 ≤ x ≤ 0.25 [24]. Assuming that charge transfer from
(Nd,Sr) layers to NiO2 layers is inversely proportional to their
separations, the hole doping of surface NiO2 layer is estimated
to be 0.08 ≤ δ ≤ 0.16. Within this doping level, there are an
electron pocket around Γ¯ point and a hole pocket around M¯
point, attributed to Ni dx2−y2 , dxy and dxz/yz orbitals. These
Fermi surfaces can also be reproduced in Nd0.8Sr0.2NiO2 in
first-principles calculations (Sec. I of SM). Since the bands
around the M¯ point are flat, the corresponding hole pocket
has a large DOS. Representative Fermi surfaces with a hole
doping δ = 0.12 (for Nd0.8Sr0.2NiO2) are shown in Fig.3(b),
suggesting that the multi-orbital nature is one prominent fea-
ture for surface NiO2 layers.
Due to the appearance of the hole pocket around M with an
enhanced spectral weight, distinct from over-doped cuprates,
and in order to account for the multi-orbital nature of the
surface NiO2 layers, we adopt a multi-orbital t-J model to
study pairing propensities. Similar to iron based supercon-
ductors [30, 31], we consider in-plane antiferromagnetic cou-
plings of surface NiO2 layers between the spin of Ni orbital,
HJ =
∑
〈ij〉α
Jαij(SiαSjα −
1
4
niαnjα) (2)
where Siα = 12c
†
iασσσσ′ciασ′ is the local spin operator and
niαis the local density operator for Ni α orbital (α = x2 −
y2, xy, xz, yz, z2). 〈ij〉 denotes the in-plane nearest-neighbor
and the inplane coupling is Jαx = J
α
y = J
α
1 . By performing
the Fourier transformation, HJ in momentum space reads
HJ =
∑
k,k′
V αk,k′c
†
kα↑c
†
−kα↓c−k′α↓ck′α↑, (3)
with V αk,k′ = − 2J
α
1
N
∑
±(coskx ± cosky)(cosk′x ± cosk′y).
Here we investigate the pairing state for the doped sys-
tem and neglect the no-double-occupancy constraint on this
t-J model and then perform a mean-field decoupling (de-
tails can be found in Sec. IV of SM). In the calculations,
we only consider the intraorbital pairing and neglect inter-
orbital pairing, as the orbital mixture on Fermi surfaces is
not strong. The orbital dependent gap is defined as ∆s/dα =
− 2J1N
∑
k′〈c−k′α↓ck′α↑〉(cosk′x ± cosk′y) and we further in-
troduce ∆s/d31 =
1
2 (∆
s
3 ± ∆s4 + ∆d3 ∓ ∆d4) and ∆s/d32 =
1
2 (∆
s
3±∆s4−∆d3±∆d4) for dxz/yz orbitals. The obtained gaps
as a function of exchange coupling parameters at δ = 0.12 are
shown in Fig.3(c) and the doping dependent gaps are given
in Sec. IV of SM. We find that the extended s-wave pairing
is always dominant within the estimated hole doping region,
and that the gap of dxy orbital is much larger than other or-
bitals, originating from its enhanced DOS around M¯. More-
over, as displayed in the inset of Fig.3(d), there is a sign
change in the gap function between the electron pocket around
Γ¯ and the hole pocket around M¯, in analogy to s± pairing in
iron based superconductors [5] and overdoped CuO2 mono-
layer [32]. The corresponding DOS in Fig.3(d) exhibits a gen-
eral U-shaped structure and two-gap feature.
Termination-dependent gap structures – In experiments,
two terminations are expected to be randomly distributed on
4−10 −5 0 5 10
De
ns
iit
y o
f S
ta
te
s (a
.u.
)
Energy (meV )
π
0
π
π0π
k y
kx
50-5
(a) (b)
(c) (d)
0 0.05 0.1 0.150
1
2
3
4
5
6
J 11(eV, J
2,3,4
1 =J
1
1/2)
∆
 
(m
eV
)
 
 
∆s1
∆s2
∆s31
∆s32
α
β
∆β
∆α
−1.5
−1
−0.5
 0
 0.5
 1
 1.5
 2
Γ X M Γ
E
ne
rg
y 
(e
V
)
dx2−y2
dxy
dxz/yz
dz2
− − −−
FIG. 3. (color online) (a) Orbital-resolved band structures from the
TB model for the surface NiO2 layer. The pink dashed line denotes
the chemical potential for hole doping δ = 0.12. (b) Representa-
tive Fermi surfaces with orbital characters for the hole-doped surface
NiO2 layer (hole doping level is δ = 0.12). (c) Orbital dependent
superconducting gaps as a function of exchange coupling parameters
for δ = 0.12 with J2,3,41 = J
1
1/2. (d) Gap function of the extended
s-wave pairing for δ = 0.12 and density of states. The unit of the
gap is in meV.
the surface. In the (Sr,Nd) terminated surface, a V-shaped
gap is expected in the tunneling spectrum of STM measure-
ments. For the NiO2 terminated surface, however, the surface
NiO2 layer has s±-wave pairing, inducing a U-shaped gap.
In the domain wall between two kinds of terminations, shown
in Fig.4(a), zero-energy Andreev flat bands will appear in the
[11] or [11¯] direction, inducing a sharp zero-bias peak in the
local DOS of Fig.4(b). This is a prediction which can already
be checked within the current samples.
As the surface NiO2 layer has s±-wave pairing and the bulk
NiO2 layer favors a dx2−y2 -wave pairing, the coupling be-
tween them introduces a Josephson junction along the c axis.
While this scenario is not what is given in current experiments,
one might reach it in future samples due to the enhancement
of synthesis quality. Generally, the free energy of a Josephson
junction [33–35] can be written as,
F = F0 − g1cos∆φ+ g2cos2∆φ, (4)
where ∆φ is the phase difference between the two supercon-
ducting order parameters. The first term is independent of the
phase difference and the second and third terms are the first or-
der and second order Josephson couplings, respectively. Usu-
ally, the conventional Josephson coupling g1 is much larger
than g2. However, in our case, as the two superconducting
orders belong to two different irreducible representations, g1
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FIG. 4. (color online) (a) Schematic for the different surface ter-
minations of NdNiO2. (b) DOS at the domain boundary between
Nd-terminated and NiO2-terminated surfaces along the [11] or [11¯]
direction. (c) DOS for the s± − idx2−y2 pairing state including the
coupling between surface and bulk NiO2 layers.
should vanish. Therefore, the remaining second order Joseph-
son coupling g2 will lead to ∆φ = ±pi2 by minimizing the
free energy, forming an s±± idx2−y2 pairing state depending
on the sign of g2. We perform calculations with a t-J model
by including both Hamiltonians of surface and bulk NiO2 lay-
ers and their hybridizations (details in Sec. IV of SM), and
find that the time-reversal-symmetry breaking s± − idx2−y2
pairing state is energetically more favorable. The correspond-
ing DOS is shown in Fig.4(c), where the gap is generally V-
shaped enriched with multiple-gap features.
Recent STM measurements seem to reveal an s-wave gap
and a d-wave gap depending on the detected region and a mix-
ture of them in some cases [36]. Opposed to conjectures pre-
viously communicated, we do not believe that this evidence
can be explained to stem from orbital-selective pairing where
the Ni dx2−y2 -derived Fermi surface has a d-wave supercon-
ducting gap while Nd dxy,z2 -derived Fermi surfaces have an
s-wave superconducting gap [36]. As the hybridization be-
tween Ni dx2−y2 and Nd dxy,z2 orbitals is strong, these Fermi
surfaces will naturally have superconducting gaps with the
same symmetry but different gap sizes. Instead the scenario
of different terminations admixed for a rough surface seems
to be consistent with experimental measurement: following
our explanation there should be a d-wave gap for the (Nd,Sr)-
terminated surface and an s-wave gap for the NiO2-terminated
surface; further including the coupling between surface and
bulk NiO2 layers, a mixture of those two superconducting or-
der appears natural to occur for a partially NiO2-terminated
surface.
Conclusion – We investigated the electronic structures for
different surface terminations in infinite-layer nickelates and
find that the surface NiO2 layer has a buckled structure and
differs from the bulk layer in terms of charge doping. The
rare earth terminated surface Fermiology is similar to the bulk
albeit with a moderate electron doping. For the NiO2 termi-
nated surface, however, the absence of rare earth atoms signif-
icantly affects the crystal field splitting and pushes upwards
the Ni dxz/yz and dxy orbitals. Consequently, the surface
layer is not only heavily hole-doped but also develops an ad-
ditional electron pocket around the M¯ point besides the hole
pocket around Γ¯, derived from dxy and dxz/yz orbitals. From
5a strong coupling analysis, we find that this two-pocket Fermi-
ology naturally favors an s±-wave pairing, in analogy to iron
based superconductors. Further including the bulk dx2−y2 -
wave pairing, the second order Josephson coupling induces a
s± − idx2−y2 pairing state in the system. Our results seem
to be in line with recent experimental observations of both
s-wave gap and d-wave gap signatures. Our findings might
set a helpful starting point for interpreting surface-sensitive
spectroscopy data in future experiments on infinite-layer nick-
elates, such as ARPES or optical spectroscopy, including Kerr
measurements to possibly track down the time reversal sym-
metry breaking from any kind of surface s+ id pairing.
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